1. Introduction {#sec1-micromachines-11-00426}
===============

Cell transplantation therapy has demonstrated excellent potential in a variety of medical fields, both in preclinical and clinical research \[[@B1-micromachines-11-00426],[@B2-micromachines-11-00426],[@B3-micromachines-11-00426]\]. Transplanted cells exert their therapeutic effect by integrating into host tissues and replacing endogenous cell functions \[[@B4-micromachines-11-00426]\], and additionally by secreting paracrine factors \[[@B5-micromachines-11-00426]\]. Strategies to improve these effects are vigorously being developed. For example, three-dimensional (3D) culturing is effective in preserving physiological function of cells during ex vivo culturing, and also in improving engraftment efficiency and therapeutic functionalities of cells in host tissues following transplantation \[[@B6-micromachines-11-00426],[@B7-micromachines-11-00426]\]. Genetic modification of transplanted cells is also a promising approach, utilizing various types of factors including genome editing enzymes, chimeric antigen receptors, and factors for (de-)differentiation, paracrine signaling, pro-survival effect and cell adhesion \[[@B8-micromachines-11-00426],[@B9-micromachines-11-00426],[@B10-micromachines-11-00426]\]. Combinational use of 3D culturing and genetic modification has also been attempted, which has provided synergistic effects \[[@B11-micromachines-11-00426],[@B12-micromachines-11-00426],[@B13-micromachines-11-00426],[@B14-micromachines-11-00426]\].

Regarding the introduction of genetic materials to cells for transplantation therapy, viral gene transduction has several potential issues, including complicated manufacturing processes, difficulty in scale-up, high economic costs, limitation in the size of genes, safety concerns, and immune attack to transplanted cells expressing viral proteins \[[@B15-micromachines-11-00426],[@B16-micromachines-11-00426],[@B17-micromachines-11-00426],[@B18-micromachines-11-00426]\]. Non-viral transfection of plasmid DNA (pDNA) or messenger RNA (mRNA) is a promising option to address these issues. In transfection of 3D cultured cells, transfection capability to non- or slowly-dividing cells is critical, as the cell cycle in 3D culture tends to be slower compared to that in monolayer cultures \[[@B19-micromachines-11-00426],[@B20-micromachines-11-00426]\]. In this regard, introduction of pDNA to non-dividing cells is inefficient, because nuclear entry of pDNA is inhibited by the nuclear membrane except when the membrane disappears during cell division \[[@B21-micromachines-11-00426],[@B22-micromachines-11-00426]\]. In contrast, mRNA is capable of inducing efficient protein expression even in non-dividing cells \[[@B23-micromachines-11-00426],[@B24-micromachines-11-00426]\], which motivates us to use mRNA for gene introduction in 3D cultured cells.

In this study, we investigated the protein expression profile in 3D cultured cells after introducing mRNA and pDNA, by focusing on the relationship between cell division and protein expression. For 3D culturing, micropatterned plates, comprising an array of 100 μm-sized cell adhesive areas surrounded by a non-cell adhesive area, were used, which allowed us to prepare a large number of spheroids with a uniform diameter of 100 μm \[[@B25-micromachines-11-00426],[@B26-micromachines-11-00426]\]. For introduction of mRNA and pDNA, poly\[*N*'-\[*N*-(2-aminoethyl)-2-aminoethyl\]aspartamide\] \[PAsp(DET)\] polycation was employed, which has two notable features: pH-responsive protonation behavior allows for efficient endosomal escape of polyplexes and its biodegradable nature contributed to its low cumulative toxicity \[[@B27-micromachines-11-00426],[@B28-micromachines-11-00426],[@B29-micromachines-11-00426]\]. Using these platforms, we showed that mRNA introduction provided protein expression in a larger percentage of cells in mesenchymal stem cell (MSC) spheroids compared to introduction of pDNA, leading to enhanced outcomes after in vitro osteogenic induction using mRNA encoding an osteogenic transcription factor.

2. Materials and Methods {#sec2-micromachines-11-00426}
========================

2.1. Spheroid Preparation {#sec2dot1-micromachines-11-00426}
-------------------------

Human MSCs (Lonza, Basel, Switzerland) were cultured using Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS, HyClone Laboratories, GE Healthcare Life Science, South Logan, UT, USA) and 1% penicillin/streptomycin (Sigma--Aldrich, St. Louis, MO, USA). MSCs at passage 5 were used for the experiments. For spheroid preparation, MSCs were seeded onto micropatterned plates (Cell-able^TM^, Toyo Gosei, Tokyo, Japan) at a density of 400,000 cells/well in 12-well plates and 40,000 cells/well in 96 well plates. A bright-field image of spheroids was obtained with an all-in-one fluorescence microscope BZ-X710 (Keyence, Osaka, Japan).

2.2. Preparation of mRNA and pDNA {#sec2dot2-micromachines-11-00426}
---------------------------------

Enhanced GFP (EGFP) mRNA was purchased from Trilink (San Diego, CA, USA). Runt-related transcription factor 2 (Runx2) mRNA was prepared by in vitro transcription (IVT) as described previously \[[@B30-micromachines-11-00426]\]. Briefly, a flag-tagged mouse Runx2 DNA sequence, a kind gift from K. Miyazono (The University of Tokyo, Tokyo, Japan), was inserted into a pSP73 vector (Promega, Madison, WI, USA) possessing a 120 bp poly A/T sequence. IVT was performed using a mMESSAGE mMACHINE T7 ULTRA Kit (Ambion, Invitrogen, Carlsbad, CA, USA), followed by purification using an RNeasy mini kit (QIAGEN, Hilden, Germany) and spectroscopic measurement of concentration at 260 nm. Purity of mRNA was assessed spectroscopically based on ultraviolet (UV) absorption, and size of mRNA was evaluated by on-chip capillary electrophoresis using Bioanalyzer Agilent2100 (Agilent, Santa Clara, CA, USA). For pDNA construction, a sequence coding EGFP (Clontech, Palo Alto, CA, USA) and that coding a flag-tagged mouse Runx2 were inserted into pCAG-GS vectors (RIKEN, Tokyo, Japan). Notably, mRNA and pDNA were designed to possess the same protein coding sequences in both cases of EGFP (Genbank: JA532579.1) and Runx2 (RefSeq: NM_001145920.2).

2.3. Transfection of MSCs with GFP mRNA and pDNA {#sec2dot3-micromachines-11-00426}
------------------------------------------------

PAsp(DET) was synthesized as previously described \[[@B27-micromachines-11-00426]\]. Using ^1^H-NMR, the polymerization degree of PAsp(DET) was determined to be 52. PAsp(DET) and mRNA or pDNA was mixed at a residual molar ratio of amine groups in polycations to phosphate groups in nucleic acids (N/P) of 10.

MSC spheroids were used for transfection 3 days after seeding of MSCs onto 96-well micropatterned culture plates. Culture medium was replaced with serum-free Opti-MEM medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), and 0.3 μg of mRNA or pDNA, complexed with PAsp(DET), was added to each well. Six hours after the transfection, the medium was replaced with DMEM containing 10% FBS and 1% penicillin/streptomycin. Eighteen hours later, cell nuclei were stained using Hoechst 33342 (Dojindo Laboratories, Kumamoto, Japan), and confocal laser scanning microscopy (CLSM) imaging was subsequently performed using an LSM 510 instrument (Carl Zeiss, Oberlochen, Germany) with a 10× objective at excitation wavelengths of 488 nm for GFP and 710 nm (MaiTai laser for 2-photon imaging) for Hoechst 33342. Images were analyzed quantitatively using IN Cell developer tool box software (GE Healthcare, Buckinghamshire, UK). For 5-ethynyl-2'-deoxyuridine (EdU) staining of dividing cells, MSCs were cultured in the presence of EdU at a final concentration of 100 μM for 24 h after addition of mRNA or pDNA. Then, EdU was stained using a Click-iT EdU Alexa Fluor 647 imaging kit, with GFP immunostaining using GFP-booster (Chromotek GmbH, Planegg-Martinsried, Germany), according to manufacture's protocol, followed by CLSM observation at an excitation wavelength of 633 nm for EdU, 488 nm for GFP, and 710 nm (2-photon laser) for Hoechst 33342. For quantification of the total GFP expression level, cells were lysed with passive lysis buffer (Promega, Madison, WI), followed by fluorescence measurement of the lysate using a microplate reader infinite M1000 PRO (Tecan Group Ltd., Männedorf, Switzerland).

For transfection to monolayer cultured cells, MSCs were seeded onto 96-well culture plates at the density of 5000 cells/well. After 24 h of culturing, transfection was performed as described above for MSC spheroids. Twenty-four hours after addition of GFP pDNA or mRNA, fluorescence images were obtained with an all-in-one fluorescence microscope BZ-X710, followed by quantitative image analyses as described above.

In all of these transfection experiments, weight rather than molar amount was controlled to be the same between mRNA and pDNA. Because the toxicity of transfection reagents is a major dose-limiting factor in non-viral gene transfection, it is practically reasonable to use comparable dose of transfection reagents in both mRNA and pDNA transfection. Further notably, charge ratio of polycations and nucleic acids is a determinant of polyplex transfection processes, including cellular uptake and endosomal escape of the polyplex, and thus should be controlled to be the same between mRNA and pDNA transfection. Thus, the same weight of mRNA and pDNA was used for transfection.

2.4. In Vitro Osteogenic Differentiation {#sec2dot4-micromachines-11-00426}
----------------------------------------

For alkaline phosphatase (ALP) measurement, 0.3 μg of Runx2 mRNA or pDNA was transfected to MSCs cultured in 96-well plates, four times every 3 days. Fourteen days after the first transfection, ALP expression was measured using a TRACP & ALP assay kit (Takara Bio Inc., Shiga, Japan), which uses p-nitro-phenyl phosphate substrate to detect ALP enzymatic activity spectroscopically at an absorbance of 405 nm. For osteocalcin transcript measurement, 3 μg of Runx2 mRNA or pDNA was transfected to MSCs cultured in 12-well plates, four times every 3 days. Twenty-one days after the first transfection, total RNA in MSCs was extracted using an RNeasy mini kit, followed by quantitative real-time PCR using an ABI Prism 7500 sequence detector (Applied Biosystems, Foster City, CA, USA), and TaqMan gene expression assays (Applied Biosystems; Hs01587814_g1 for osteocalcin and Hs01060665_g1 for β-actin). In these osteogenic differentiation experiments, MSCs were cultured in MSC Go Rapid Osteogenic XF (Biological Industries, Beit Haemek, Israel), after the first transfection.

3. Results {#sec3-micromachines-11-00426}
==========

Human MSCs, a frequently used and highly potent source of cells in transplantation therapy, were selected for spheroid preparation \[[@B31-micromachines-11-00426]\]. MSC spheroids with a uniform size of 100 μm were successfully prepared by seeding a large number of MSCs onto a micropatterned plate ([Figure 1](#micromachines-11-00426-f001){ref-type="fig"}a), comprising an array of 100-μm-sized cell adhesive areas \[[@B25-micromachines-11-00426]\]. Firstly, MSC spheroids were transfected with mRNA or pDNA encoding Gaussia luciferase (GLuc) using PAsp(DET) polycation, for evaluating time-dependent expression of GLuc protein. The level of GLuc protein expression from mRNA became maximum at 24 h post transfection, while that from pDNA reached a plateau at 24 h post transfection ([Supplementary Figure S1](#app1-micromachines-11-00426){ref-type="app"}). Thus, it is reasonable to use the observation time point of 24 h post transfection in the following experiments. Subsequently, spheroids were transfected with pDNA or mRNA encoding green fluorescence protein (GFP). After 24 h of transfection, mRNA-induced GFP expression was noted in a larger percentage of cells compared to pDNA by confocal microscopic observation of spheroids ([Figure 1](#micromachines-11-00426-f001){ref-type="fig"}b,c). mRNA also yielded enhanced total GFP expression level in fluorescence measurements of cell lysate, compared to pDNA ([Figure 1](#micromachines-11-00426-f001){ref-type="fig"}d).

To explain the difference in the GFP expression profile observed between mRNA and pDNA transfection, we focused on the relationship between GFP expression and cell division. Dividing cells were labeled with 5-ethynyl-2'-deoxyuridine (EdU), a nucleic acid analogue, incorporated into the nuclear DNA of dividing cells during S phase \[[@B32-micromachines-11-00426]\]. Notably, only 16% of cells became EdU-positive in spheroids after 24 h of incubation, whereas the percentage of EdU-positive cells in the monolayer culture was 69%. In confocal microscopic observation after pDNA transfection with *GFP*, GFP protein expression was observed mostly in EdU-positive cells ([Figure 2](#micromachines-11-00426-f002){ref-type="fig"}a). In sharp contrast, both EdU-positive and negative cells expressed GFP after mRNA transfection ([Figure 2](#micromachines-11-00426-f002){ref-type="fig"}b). This observation was also supported by quantitative analyses ([Table 1](#micromachines-11-00426-t001){ref-type="table"}). As a result, the total percentage of GFP-positive cells after mRNA transfection was higher than that following pDNA transfection, presumably because of mRNA capability to induce protein expression in non-dividing cells.

Conversely, pDNA transfection resulted in GFP expression in a large percentage of MSCs in the monolayer culture ([Figure 3](#micromachines-11-00426-f003){ref-type="fig"}, [Table 2](#micromachines-11-00426-t002){ref-type="table"}), which divided more frequently than MSCs in spheroids. However, even in the monolayer culture, the percentage of GFP-positive cells in EdU-negative cells following pDNA transfection was low, as was observed in the transfection of spheroids. These results indicate that pDNA transfection is inefficient in non-dividing cells. In contrast, mRNA transfection of MSCs in the monolayer culture allowed for GFP expression in both EdU-positive and negative cells.

Finally, mRNA transfection was applied to in vitro osteogenic differentiation of MSC spheroids. pDNA and mRNA encoding runt-related transcription factor 2 (Runx2), a strong activator of osteogenic differentiation \[[@B33-micromachines-11-00426],[@B34-micromachines-11-00426],[@B35-micromachines-11-00426]\], was introduced to MSC spheroids four times every 3 days. Osteogenic differentiation of MSCs was evaluated by measuring the enzymatic activity of alkaline phosphatase (ALP) and the level of osteocalcin transcript, well-established markers for osteogenesis \[[@B33-micromachines-11-00426],[@B34-micromachines-11-00426]\]. Runx2 mRNA transfection resulted in significantly enhanced levels of ALP compared to Runx2 pDNA transfection and untreated control spheroids, 14 days after the first transfection. Furthermore, osteocalcin transcript level was shown to be significantly increased 21 days after Runx2 mRNA introduction compared to that in untreated control spheroids, while Runx2 pDNA induced only a modest increase in *osteocalcin* expression compared to the untreated control spheroid, which was not statistically significant. These results suggest that mRNA may have enhanced capability for in vitro cell differentiation compared to pDNA.

4. Discussion {#sec4-micromachines-11-00426}
=============

In this study, using MSC spheroids, we revealed that compared with pDNA transfection, mRNA transfection induced protein expression in a larger percentage of 3D cultured cells ([Figure 1](#micromachines-11-00426-f001){ref-type="fig"}). High efficiency of mRNA transfection in MSC spheroids may be attributed to mRNA transfectability in non-dividing cells, a major component of spheroids. Indeed, when dividing cells were labeled with EdU, a nucleic acid analogue, GFP mRNA provided GFP protein expression both in EdU-positive and negative cells, while most of the EdU-negative cells failed to express GFP protein after *GFP* pDNA transfection ([Figure 2](#micromachines-11-00426-f002){ref-type="fig"}).

Interestingly, a small but certain number of the EdU-negative cells became GFP-positive after pDNA transfection. This result could be explained by pDNA transfection in non-dividing cells, which occurs at a low efficiency \[[@B22-micromachines-11-00426],[@B36-micromachines-11-00426]\]. The result might also be attributed to the labeling method of dividing cells; nuclear transport of pDNA is expected to occur in M phase via disappearance of nuclear membrane \[[@B21-micromachines-11-00426]\], while EdU staining labeled the cells in S phase. Thus, GFP expression in EdU-negative cells after pDNA introduction may be derived from cells that passed through M phase but not through S phase during the experimental period. Despite this issue, our results revealed that the percentage of GFP positive cells among EdU-negative cells was largely different between mRNA and pDNA introduction ([Figure 2](#micromachines-11-00426-f002){ref-type="fig"} and [Figure 3](#micromachines-11-00426-f003){ref-type="fig"}, [Table 1](#micromachines-11-00426-t001){ref-type="table"} and [Table 2](#micromachines-11-00426-t002){ref-type="table"}).

This study also demonstrated potential utility of mRNA transfection for ex vivo cell differentiation in cell transplantation therapy. Introduction of Runx2 mRNA allowed osteogenic differentiation of MSCs in spheroids more efficiently compared to that of Runx2 pDNA ([Figure 4](#micromachines-11-00426-f004){ref-type="fig"}). Notably, mRNA transfection led to protein expression in a larger percentage of cells ([Figure 1](#micromachines-11-00426-f001){ref-type="fig"}b,c), and also in a larger total quantity ([Figure 1](#micromachines-11-00426-f001){ref-type="fig"}d) in spheroids, compared to pDNA transfection, and therefore, both of these mechanisms may explain the better outcome of mRNA in osteogenic differentiation. Discrimination between these two possible mechanisms would be interesting for future study. It is also important to note that the mRNA transfection reagent is another determinant of successful cell differentiation. Particularly in applications to regenerative therapy, toxicological properties of the reagent may impair functionality of the cells in exerting therapeutic effects \[[@B37-micromachines-11-00426],[@B38-micromachines-11-00426],[@B39-micromachines-11-00426]\]. In this regard, the biodegradability of PAsp(DET) allowed us to prevent cumulative cytotoxicity \[[@B29-micromachines-11-00426]\], which might contribute to effective osteogenic differentiation in the present study. Emerging advanced technologies of mRNA transfection will further improve the mRNA potential for ex vivo cell differentiation \[[@B40-micromachines-11-00426],[@B41-micromachines-11-00426],[@B42-micromachines-11-00426],[@B43-micromachines-11-00426],[@B44-micromachines-11-00426],[@B45-micromachines-11-00426]\]. Conclusively, mRNA exhibits high potential in gene transfection to 3D cell culture, in which the cell division rate is lower than that in monolayer cultures. For future application of our technology to bone regeneration therapy, further detailed in vitro evaluations, including Alizarin Red and Von Kossa staining, and in vivo transplantation study are needed. In addition, ex vivo generation of other cell types will be performed in the future to demonstrate the versatility of our approach in regenerative therapy.
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![Introduction of GFP pDNA and mRNA to MSC spheroids. (**a**) MSC spheroids were prepared 3 days after seeding MSCs onto a micropatterned plate. (**b--d**) GFP expression in spheroids 24 h after introduction of GFP pDNA and mRNA. (**b,c**) Confocal microscopy images. (**b**) GFP pDNA. (**c**) GFP mRNA. Green: GFP. Scale bars: 100 μm. (**d**) Total GFP expression levels evaluated by fluorescence measurement of cell lysates. *n* = 6. Data are presented as mean ± standard error of the mean. Statistical analysis was performed by unpaired 2-tailed Student's *t*-test.](micromachines-11-00426-g001){#micromachines-11-00426-f001}

![Relation between GFP expression and cell division in MSC spheroids. GFP pDNA (**a**) and GFP mRNA (**b**) were added to MSC spheroids, followed by 24 h incubation with EdU. Then, cells were observed with confocal laser scanning microscopy. Green: GFP (immunostaining), Red: EdU, Blue: cell nuclei (Hoechst 33342). Scale bars: 100 μm.](micromachines-11-00426-g002){#micromachines-11-00426-f002}

![Relationship between GFP expression and cell division in MSCs in monolayer culture. GFP pDNA (**a**) and GFP mRNA (**b**) were added to MSC spheroids, followed by 24 h incubation with EdU. Then, cells were observed with fluorescence microscopy. Green: GFP, Red: EdU, Blue: cell nuclei (Hoechst 33342). Scale bars: 100 μm.](micromachines-11-00426-g003){#micromachines-11-00426-f003}

![In vitro osteogenic differentiation. MSC spheroids were transfected with Runx2 mRNA and pDNA four times every 3 days. Spheroids without transfection were used as a control (untreated). (**a**) Enzymatic activity of ALP 14 days after the first transfection. *n* = 6. (**b**) Osteocalcin transcript level 21 days after the first transfection. *n* = 5. Data are presented as mean ± standard error of the mean. Statistical analysis was performed by analysis of variance (ANOVA), followed by Tukey's test.](micromachines-11-00426-g004){#micromachines-11-00426-f004}

micromachines-11-00426-t001_Table 1

###### 

Percentage of GFP-positive cells in MSC spheroids.

                     EdU (+) ^1^   EdU (−) ^2^   Total ^3^
  ------------------ ------------- ------------- -----------
  GFP pDNA (%) ^4^   75            20            34
  GFP mRNA (%) ^4^   100           73            77

^1−3^ Percentage of GFP-positive cells in EdU-positive cells ^1^, EdU-negative cells ^2^, and all cells ^3^ in MSC spheroids. ^4^ More than 150 cells in 4 wells were evaluated for each group.

micromachines-11-00426-t002_Table 2

###### 

Percentage of GFP-positive cells in MSCs in monolayer culture.

                       EdU (+) ^1^   EdU (−) ^2^   Total ^3^
  -------------------- ------------- ------------- -----------
  *GFP* pDNA (%) ^4^   90            32            75
  *GFP* mRNA (%) ^4^   97            85            93

^1--3^ Percentage of GFP-positive cells in EdU-positive cells ^1^, EdU-negative cells ^2^, and all cells ^3^ in MSCs in monolayer culture. ^4^ More than 300 cells in 4 wells were evaluated for each group.
